Introduction
that can prevent the formation of the vasoconstrictor and mitogen Ang II and the degradation of the vasodilators bradykinin and Ang-(1-7), leading to a decrease in blood pressure. Ang-(1-7), a heptapeptide with anti-proliferative and vasodilating properties, is normally present in the circulation at concentrations similar to Ang II and is primarily derived from Ang I by tissue peptidases, including neprilysin, thimet oligopeptidase and prolyl endopeptidase. The two arms of the pathway are bridged by the moncarboxypeptidase angiotensin-converting enzyme 2 (ACE2), which generates Ang-(1-7) from Ang II. 4 Though the role of RAS in pulmonary arterial hypertension has been studied in rodents, 5 little is known about its role in pulmonary arterial hypertension in broiler chickens. In this study, pulmonary arterial hypertension was induced by low ambient temperature to study the protective effect of imidapril on pulmonary arterial hypertension in broiler chickens.
Materials and methods

Animals
Broiler chickens were purchased from Luoyang Chicken Alliance at 13 days of age. All animals were given free access to food and water. Ninety broiler chickens were randomly divided into three groups (n = 30): a control group, a low-temperature group and an imidapril group. Chickens in the control group were raised in normal temperature; chickens in the low-temperature group and imidapril group were exposed to a low ambient temperature from 14 days of age until 45 days of age; at the same time, chickens in the imidapril group were gavaged with imidapril (Tianjin Tanabe Pharmaceutical Co., Ltd; approved by the enterprise: H19990153) 3 mg/kg once daily for 30 days. At 45 days of age, the chickens were killed and samples were collected. The present study was conducted in accordance with the principles outlined in the United States National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (http://grants1.nih.gov/grants/olaw/) and was approved by the local animal ethics committee at Henan University of Science and Technology.
Measurement of pulmonary arterial pressure (PAP)
PAP was measured with the Right Catheterization Method 6 using the PCLAB-UE biomedical signal acquisition and processing system (Beijing Star Technology Development Prestige Limited Liability Company, Zhongguancun, Beijing, China). Chickens were anesthetized with pentobarbital (40 mg kg -1 ). The catheter was inserted into the right internal jugular vein through the right atrium, right ventricle to pulmonary artery. The location of the catheter was judged by changes of waveform showed on the computer screen.
Echocardiography
Echocardiography was used to observe the main pulmonary arterial diameter. Broiler chickens were anesthetized with pentobarbital (40 mg kg -1 ). A layer of acoustic coupling gel was applied to the thorax, and two-dimensional echocardiography was performed using a commercially available 12-MHz linear-array transducer system (Philips, IE33-S12-MHz, Germany). All echocardiograms were obtained by an experienced sonographer. Images were stored digitally using commercial software (Prosolv Cardiovascular) and reported by a senior echocardiologist. Ultrasonic imaging of the pulmonary artery was obtained and the main pulmonary arterial diameter was measured.
Real-time polymerase chain reaction (PCR)
Lung tissue ACE and ACE2 mRNA expression were assessed by real-time PCR. Total RNA was extracted from lung tissue using Trizol (Roche Molecular Biochemicals, Mannheim, Germany) and was quantified by measuring absorbance at 260 nm. One microgram of total RNA was then reverse-transcribed into cDNA using a PrimeScript® RT reagent kit with gDNA Eraser (Takara Biological Engineering Dalian Co., Ltd, Dalian, China) using a Thermo Hybaid P×2 thermal cycler (Thermo, Franklin, MA, USA). β-actin was used as an internal control. The PCR primers used were designed by Sangon Biotech Co., Ltd. Chicken nucleotide sequences for ACE, ACE2 and β-actin are as follows: chicken ACE (forward: 5′-AACACAGAGAACGGGGAGGT-3′; reverse: 5′-AGG AAGACAAGTGCCAGTGC-3′); chicken ACE2 (forward: 5′-TTGCTTCACTTCTGGCTTCTC -3′; reverse: 5′-TCCTGGCTGTCTCCTCAGTTA -3′); chicken β-actin (forward: 5′-ACAATGGCTCCGCTATGTG -3′; reverse: 5′-CTTTTGCTCTGGGCTTCATC -3′). Each real-time PCR reaction was carried out in a total volume of 20 μl with SYBR Premix Ex Taq TM (Takara Biological Engineering) according to the following conditions: 30 s at 95°C, 40 cycles at 95°C for 5 s, 60°C (ACE, β-actin), 62 °C (ACE2) for 20 s, using the LightCycler 2.0 Real-Time PCR Instrument (Roche, Rotkeuz, Switzerland). After amplification, a melting curve analysis was performed by collecting fluorescence data while increasing the temperature from 65°C to 95°C over 300 s. The cycle threshold (Ct) values were normalized to the expression levels of β-actin.
Enzyme-linked immunosorbent assay (ELISA)
Lung tissue Ang II and Ang (1-7) concentration were measured using the ELISA method. Lung tissue was homogenized and centrifuged and the supernatant was collected; Ang II and Ang (1-7) concentration was measured by using chicken Ang II and Ang (1-7) ELISA kits (Shanghai Xinran Industrial Co., Ltd, Shanghai, China) according to the instructions.
Hematoxylin-eosin (HE) staining
Lung tissue was collected and incubated in 10% formaldehyde solution for one week, then embedded in paraffin wax; tissue was sliced into sections (4 μm) and HE staining was performed. The thickness of the pulmonary arterial wall was measured by using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA).
Immunohistostaining
Lung tissue proliferating cell nuclear antigen (PCNA)positive cells were identified using the immunohistostaining streptavidin-biotin complex (SABC) method to determine the proliferative activity. Lung tissue was incubated in 4% paraformaldehyde for 24 h and embedded in paraffin wax. Sections (4 μm) were rinsed and rehydrated in phosphatebuffered saline (PBS) for 5 min. An immunohistochemical SABC detection kit (Wuhan Boster Bio-Engineering Co., Ltd, Wunan, China) was used to identify PCNA. Briefly, endogenous peroxidase was inhibited by treatment with 3% H 2 O 2 in PBS for 10 min. Then, blocking solution with 5% bovine serum albumin (BSA) was applied to the sections for 15 min at room temperature to avoid non-specific binding of the biotinylated antibody. Antigen was repaired in boiling folic acid salt buffer (pH=6). Sections were incubated overnight at 37°C for 1 h with primary mouse anti-PCNA antibody (Beijing Biosynthesis Biotechnology Co., Ltd, Beijing, China). Labeling was identified by application of a rabbit anti-mouse immunoglobulin G (IgG)/horseradish peroxidase (HRP) secondary antibody (Beijing Biosynthesis Biotechnology) at 37°C for 30 min. Peroxidase activity was visualized using a diaminobenzidine (DAB) kit (Wuhan Boster Biological Engineering). The reaction was stopped by rinsing in PBS. Finally, the slides were dehydrated, mounted in aqueous-based mounting medium and examined by light microscopy. The PCNA-positive cells of 20 fields of lung tissue at high magnification were counted and averaged.
Statistical analysis
Values are expressed as means ± SEM. One-way analysis of variance (ANOVA) and Tukey's post hoc test were used for all analyses; p < 0.05 was considered significant. All analyses were performed with SPSS 13.0 (SPSS Inc., Chicago, IL, USA).
Results
PAP
PAP was measured at 45 days of age. The PAP in the lowtemperature group was higher than in the control group and imidapril group (p < 0.01). There was no significant difference between the imidapril group and control group (p > 0.05) (Figure 1 ).
Pulmonary arterial diameter
Echocardiography showed that the pulmonary artery diameters of chickens in the low-temperature group were wider Figure 1 . Imidapril protects broiler chickens from pulmonary hypertension induced by low ambient temperature. Broiler chickens were randomly divided into three groups (n = 8): control group, low temperature group and imidapril group. Chickens in the control group were raised in normal temperature; chickens in the low-temperature group and imidapril group were exposed to low temperature from 14 days of age; chickens in the imidapril group were gavaged with imidapril 3 mg/kg once daily until 45 days of age. Pulmonary arterial blood pressure (PABP) was measured with the Right Heart Catheterization Method using the PCLAB-UE biomedical signal acquisition and processing system. Data are presented as the mean ± SEM (n = 8 in each group). ** p < 0.01 compared with control group and imidapril group (one-way analysis of variance).
than that in the control group (p < 0.05), and it can be reversed effectively by imidapril treatment (p < 0.05) (Figure 2A and 2B ).
Lung tissue ACE and ACE2 mRNA expression
Compared with that of the control group, lung tissue ACE mRNA expression in the low-temperature group increased significantly (p < 0.01), and imidapril can effectively reverse this change (p < 0.05) ( Table 1) .
Lung tissue ACE2 mRNA expression increased by 37% in the low-temperature group compared with the control group, but no significant difference was observed between them. Lung tissue ACE2 mRNA expression in the imidapril group was higher than in the low-temperature group (p < 0.05) ( Table 1) .
Lung tissue Ang II and Ang (1-7) concentration
Lung tissue Ang II concentration in the low-temperature group was higher than in the control group (p < 0.01) and imidapril group (p < 0.01); while lung tissue Ang (1-7) concentration was lower in the low-temperature group than in the control group (p < 0.01) and imidapril group (p < 0.01) ( Table 1) .
Pulmonary arterial wall thickness
The pulmonary arterial wall in the low-temperature group was thicker than in the control group (p < 0.01), and it can be reversed effectively by imidapril treatment (p < 0.01) ( Figure 3A and 3B ).
Lung tissue PCNA-positive cells
Lung tissue PCNA-positive cells in the low-temperature group increased significantly compared with that of the control group, and it can be reversed effectively by imidapril treatment (p < 0.01) ( Figure 4A and 4B ).
Discussion
Pathophysiological features of pulmonary arterial hypertension include vascular remodeling of precapillary resistance pulmonary arteries, that is, dysfunction of endothelial cells, activation and proliferation of smooth muscle cells, and fibrous infiltration into the arterial wall. 7 These processes give rise to marked vasoconstriction and obstructive or plexiform changes of the small pulmonary arteries. 8 Previous studies have demonstrated that endothelial dysfunction is involved in pulmonary hypertension in broiler chickens induced by low temperature by reducing endothelial nitric oxide synthesis (eNOS) and increased endothelin-1 level in lung vascular arteries. 9 The RAS is a hormonal cascade that functions in the homeostatic control of arterial pressure, tissue perfusion and extracellular volume. In addition to systemic RAS, there is still local or tissue RAS in heart, kidney, pancreas as well as the lung. The tissue RAS plays an important role in the pathogenesis of diseases, such as hypertension and diabetes mellitus. [10] [11] [12] Studies show that RAS activation is associated with endothelial dysfunction and proliferation of smooth muscle cells. [13] [14] [15] In this study, pulmonary hypertension in broiler chickens was successfully induced by low ambient temperature, and it was found that lung tissue ACE mRNA expression and Ang II concentration in the low-temperature group increased significantly compared with the control group, which suggests that lung tissue ACE-Ang II-AT1R axis activation might be involved in the progression of pulmonary hypertension induced by low temperature in broiler chickens. Furthermore, the ACE inhibitor imidapril could significantly reduce ACE mRNA expression and Ang II concentration, and increase Ang (1-7) concentration in lung tissue. Ang (1-7) is a vasodilator that counteracts the vascular contraction effect of Ang II. 16 All these might provide a protective effect on pulmonary hypertension in broiler chickens. The mechanism might be that imidapril increases nitric oxide and Ang (1-7) generation and decreases Ang II and ET-1 generation in lung tissue.
It is interesting to find that ACE mRNA expression in the imidapril group was lower than in the control group. Imidapril inhibits ACE activity by binding the zinc ion of ACE. Therefore, we speculate that the suppression of the ACE mRNA expression level in the imidapril group in the present study should be the indirect effect of imidapril and might be multifactorial. The beneficial effect of imidapril might have a favorable effect on ACE mRNA expression. The exact mechanism needs further study. We also noted that ACE2 mRNA expression in the low-temperature group increased by 37% compared with the control group. This might be the compensatory mechanism to counteract the increase in Ang II by producing more Ang (1-7).
Chymases are described as an alternative pathway to ACE for Ang II generation. Kunori et al. showed that chymase might be generating or degrading Ang II depending on the species studied. The kinetics of Ang II formation by chymases from different species followed the order dog > human > hamster > mouse > rat, whereas the Ang II-degrading activity of chymases is: hamster > rat > mouse > dog. Human chymase has only Ang II-generating activity, whereas rat chymase exhibits Ang II-degrading activity. 17 Whether chymase exhibits Ang II-generating or Ang II-degrading activity in chickens is not clear. In the present study, imidapril treatment can nearly completely reverse the deleterious effects induced by low temperature in chickens. Therefore, it seems that little role is played by chymase in Ang II-generating in low-temperature-induced pulmonary hypertension in broiler chickens. This needs further study for confirmation.
PCNA is involved in the mechanism of DNA excision repair. The expression of PCNA is usually considered as a reliable index of cell proliferation. The extent of cell proliferation is an important sign of diagnosis for tumor. PCNA is a cell cycle-dependent protein, which begins to increase in the late G1 phase and reaches peak in the S phase. Since it is a co-protein for DNA synthesis, PCNA can reflect cell proliferation status. 18, 19 In our study, PCNA-positive cells in the low-temperature group increased compared with the control group, and imidapril treatment significantly reversed this change. At the same time, the pulmonary arterial wall was thicker in the low-temperature group, and echocardiogram showed the pulmonary arteries broadened in chickens exposed to low ambient temperature when compared with the control group and imidapril group. Pulmonary artery broadening is considered a diagnostic index of pulmonary hypertension, 20-22 therefore we suggest that alteration of lung tissue ACE-Ang II-AT1R axis activity might lead to the increase of PCNA expression in lung tissue, which results in the proliferation of pulmonary arterial smooth muscle cells and an increase of vascular resistance and pulmonary blood pressure.
Taken all together, we draw the conclusion that lung tissue ACE-Ang II-AT1R axis activity plays an important role in the progression of pulmonary hypertension in broiler chickens, and imidapril exerts a protective effect on pulmonary hypertension in broiler chickens.
